kinematic and thermal components, the cosmological fluctuations and the instrument noise term. When averaged over many such clusters the last three will integrate down, whereas the first one will be dominated by a possible bulk flow component. In particular, we propose to use all-sky X-ray cluster catalogs that should (or could) be available soon from X-ray satellites, and then to evaluate the dipole component of the CMB field at the cluster positions. We show that for the MAP and Planck mission parameters the dominant contributions to the dipole will be from the terms due to the SZ kinematic effect produced by the bulk flow (the signal we seek) and the instrument noise (the noise in our signal). Computing then the expected signal-to-noise ratio for such measurement, we get that at the 95% confidence level the bulk flows on scales ≥ 100h −1 Mpc can be probed down to the amplitude of < 200 km/sec with the MAP data and down to only ≃ 30 km/sec with the Planck mission.
Introduction.
Peculiar motions trace the overall mass distribution and it is important to determine the coherence scale and amplitude of bulk flows. Current measurements range from bulk flows as high as 700 km/sec on scale of ∼150h −1 Mpc (Lauer & Postman 1994) to finding little peculiar motion on scales beyond ∼70h −1 Mpc (see Willick 2000 for review) . It is thus important to find alternative ways to test for such bulk flows. One alternative way to measure peculiar flows is via the kinematic Sunyaev Zeldovich (SZ) effect produced on the cosmic microwave background (CMB) photons from the hot X-ray emitting gas in clusters of galaxies (Zeldovich & Sunyaev 1969) . Such program is already being undertaken in the SuZIE project which plans to measure motion of 40 clusters at z=0.1-0.3 and determine the peculiar velocity of each cluster to a precision of 700 km/sec.
In this letter we propose to use CMB data from the MAP and Planck missions to measure the bulk flows in a quick, cheap and efficient way. X-ray cluster catalogs to be available shortly based on ROSAT, ASCA and XMM measurements, will provide locations of the SZ sources on the CMB sky and a reasonable estimate of the cluster electron density distribution and temperature. If there are significant bulk motions they will leave an imprint via the cumulative kinematic SZ effect and can be uncovered by cross-correlating the temperature field at the cluster positions in the MAP and Planck CMB maps. Such bulk motions would produce a significant dipole component in the temperature field evaluated at the cluster locations. By averaging temperature fields at enough cluster positions, the thermal SZ and other noise components will integrate down enough to reveal possible bulk motions out to ∼ 300-400 km/s on scales ≥50-100h −1 Mpc.
Dipole of the cumulative SZ kinematic effect.
Consider the CMB field at a beam centered on one isothermal X-ray emitting cluster at the angular position y. If the cluster is moving with the line-of-sight velocity v r with respect to the CMB rest frame, the SZ CMB fluctuation at frequency ν at this position will be δ ν ( y)=δ th ( y)G(ν)+δ kin ( y)H(ν), with δ th =τ T virial /T e,ann and δ kin =τ v r /c (e.g. Phillips 1995). Here τ is the projected optical depth due to Compton scattering, T virial is the cluster virial temperature and k B T e,ann =0.5 MeV. (For expressions for the spectral dependence of the two SZ components, clusters, but if averaged over many clusters moving at a significant bulk flow with respect to the CMB rest-frame, the former will integrate down ∝ 1/N cluster , while the kinematic term will reflect coherent motions with amplitude V bulk .
In order to minimize the contribution from other sources, we will start with CMB maps from which the cosmological dipole component was subtracted down to σ d . This uncertainty is already (Fixsen et al. 1996) and should be significantly smaller in MAP observations. The MAP radiometers produce a raw temperature measurement that is the difference between two points on the sky ∼ 140 o apart which introduces an error on the dipole determination, due to correlated noise, of the order of 0.1µK; the dominant uncertainty in the dipole will be due to confusion from the galactic foreground (G. Hinshaw, private communication). After the cosmological CMB dipole subtraction the CMB fluctuation in band ν at position y centered on a known X-ray cluster will be
Here r(ν) is the instrument noise at frequency ν and δ CMB ( y) is the cosmological CMB component whose dipole is now σ 2 d . Consider the dipole component of δ ν ( y) with the dipole amplitude C 1 normalized so that a coherent motion at velocity V bulk would lead to the dipole amplitude of V 2 bulk /c 2 . When computed from the total of N cluster positions the dipole of the noise term becomes r 2 (ν) /N cluster . The cosmological signal gives rise to two different dipole contributions: 1) the cosmological dipole has not been perfectly removed so the temperature anisotropies at the cluster locations sample the residual dipole σ d ; and 2) even if all the cosmological dipole had been removed the intrinsic CMB temperature anisotropies could be seen as an extra dipole noise source. The latter contribute σ 2 CMB /N cluster , with σ CMB being the variance of the cosmological temperature field on the smallest angular scales probed by the experiment. Thus for N cluster ≫ 1 the dipole of (3) becomes:
where it was assumed that for each individual X-ray cluster the thermal SZ term dominates.
3. Signal and noise terms.
We now estimate the amplitude of the signal, C 1,kin , and noise terms in eq. (1).
3.1. Kinematic component.
Assuming that cluster properties are independent of their velocities, this term is C 1,kin =T 2 0 τ i 2 V 2 bulk c 2 . T 0 is the CMB temperature, and i refers to the frequency band. The effective optical depth is affected by the beam dilution. To evaluate the expected mean optical depth accounting for the beam dilution effects we proceed as follows: for X-ray clusters the electron density profile can be approximated by the β-model. For isothermal and spherical X-ray gas distribution, the optical depth as a function of the angular distance from the cluster center would be
Here D is the distance to the cluster and r core is its core radius. 
.12. Note that for isothermal X-ray clusters emitting due to thermal Bremsstrahlung, L X ∝ n 2 e T 1/2 virial , and obeying the observed X-ray luminosity -temperature relation, L X ∝T γ virial with γ≃2.5 (Mushotzky & Scharf 1997 , Allen & Fabian 1998 , Arnaud & Evrard 1998 , one expects τ ∝L 0.4 X (e.g. Haenhelt & Tegmark 1996) . These relations show little evolution out to z∼0.5 (Mushotzky & Scharf 1997; Schindler 1999) and are valid for cluster catalogs of depth <200h −1 Mpc needed for this project.
The mean optical depth can now be computed from measurements of the X-ray luminosity function (XLF). XLF has now been determined very accurately from the ROSAT BCS sample out to z≤0.3 (Ebeling et al., 1997) . The sample is 90% complete for fluxes ≥4.45×10 −12 erg/cm 2 /sec in
For these XLF parameters and V bulk =600 km/sec and a constant lower limit on the absolute X-ray luminosity L 0 ≃5×10 −3 L * , corresponding to the [0.1-2.4]KeV flux 4.5×10 −12 erg/cm 2 /sec at 50h −1 Mpc, we get C 1,th ∼9µK dropping to ∼6µK for L 0 ≃2×10 −3 L * .
Thermal component
The residual dipole from the SZ thermal component comes from the finite number of Poissondistributed X-ray clusters and would integrate ∝ 1/N cluster . Since cluster properties are independent of position, the dipole contribution is C 1,th ≃ (∆T SZ ) 2 D 2 cluster . Here (∆T SZ ) is the mean amplitude of the thermal SZ temperature fluctuation produced by the observed X-ray clusters and D cluster = cos θ , with θ being the cluster azimuthal angle, is the mean dipole of the cluster distribution out to the depth on which the bulk motions are probed. Assuming the scaling of τ vs L X above and integrating it over L X ≥L 0 =const gives (∆T SZ ) =12µK for L 0 =0.002L * and (∆T SZ ) =20µK for L 0 =0.005L * . We used the Abell/ACO catalog (Abell 1958 , Abell, Corwin & Olowin 1989 
Dipole cosmological components.
There will be two independent contributions to the dipole noise from cosmological terms: from the residual dipole uncertainty and from the CMB fluctuations leaving a residual dipole when evaluated over a finite number of points on the sky (N cluster ).
The first contribution will come from the cosmological dipole which can be eliminated from the CMB maps down to the 68% uncertainty of σ d (=7µK for FIRAS). With N cluster we will approach this systematic component as
cluster )]. Because the correlation angle of the temperature anisotropies is larger than the pixel size, this component can be further decreased using a low-pass filter by performing the analysis on δ( y cluster )-δ( y ngb ), where y ngb is the neighboring pixel that does not contain another cluster and is ∆θ ngb away from the original pixel.
The dipole noise will then be reduced to σ d (∆θ ngb /180 o ), while the noise variance will increase by only 1/N ngb . The second contribution will come from the cosmological temperature anisotropy at each cluster location. The r.m.s. temperature anisotropy σ CMB on the smallest scales probed by MAP is model dependent, but could be of the same order of magnitude as the pixel noise or even larger and it has the same frequency dependence as the kinematic SZ effect. Its contribution is σ 2 CMB /N cluster , and can be reduced by the low-pass filtering discussed above. If necessary, σ CMB can be reduced further with Wiener filtering (cf. Haenhelt & Tegmark 1996) designed to minimize the difference between the filtered signal,δ CMB , and the instrument noise, r. We computed the residual (Wiener-filtered) variance for two cold-dark-matter (CDM) models, the standard CDM with Ω=1, and the cosmological constant dominated CDM with Ω=0.3 with σ CMB =(57-93)µK in the MAP bands. After the filtering with the noise multipoles of MAP the numbers reduce to < 1 2 r 2 1/2 ; this component adds in quadrature to the instrument noise.
Instrument noise component.
If the instrument noise in the given band is r(ν), its contribution to the dipole term in (1) is
cluster . The MAP mission (http://map.gsfc.nasa.gov) has 5 bands from 22 to 90 GHz and the r.m.s. noise at the end of two years should reach r 2 (ν) 1/2 =35µK per 0.3×0.3 deg pixel (the MAP beams range from 0.93 to 0.2 deg and its total lifetime would be at least 27 months). The PLANCK satellite (http://astro.estec.esa.nl/Planck) has Low and High Frequency Instruments (LFI and HFI). The LFI has four bands from 30 to 100 GHz and the beams from 33 to 10 arcmin.
Its noise at 4 µK at 30 GHZ to 12 µK at 100 GHz is significantly lower than that of MAP. The six HFI bands cover 100 to 857 GHz and adding them would increase the signal-to-noise of the measurement of bulk flows with Planck. Because the instrument noise dipole would be added in quadrature to the cosmological component, this term is expected to be the dominant dipole noise term for MAP instruments.
Results and strategies for measurement.
In order to apply this method we will take the available all-sky catalogs of imaged X-ray clusters and compute the dipole of the CMB temperature field at the cluster locations in the expectation that the noise terms will integrate down uncovering the bulk motion contribution to the dipole.
To measure the large-scale bulk flows by this method we need information on the location of ∼(100-300) X-ray clusters with reasonably measured τ . A new all-sky catalog of imaged X-ray clusters should be available soon (Böhringer et al. 1999 ) from the ROSAT observations. The current catalog, known as BCS (Bright Cluster Sample), is ≃90% complete in the Northern hemisphere and |b Gal |≥20 deg and contains 199 clusters with flux ≥4.45×10 −12 erg/cm 2 /sec (Ebeling et al. 1997) . With the XLF parameters from Ebeling et al. (1997) a sphere of radius 100h −1 Mpc would contain ∼400 X-ray clusters with L X,bol ≥10 42 h −2 erg/sec (or 10 −3 L * ), ∼200 clusters with L X ≥2.5×10 −3 L * and ∼100 clusters with L X ≥5×10 −3 L * . For flux-limited X-ray catalogs the numbers are similar: for flux limit of 10 −12 erg/cm 2 /sec in the [0.1-2.4] KeV band of ROSAT, which is the flux limit of the NORA and REFLEX catalogs , the number of clusters within 100h −1 Mpc would be ≃200 or ≃120 for F ≥2×10 −12 erg/cm 2 /sec.
ROSAT has already completed a Southern hemisphere catalog of X-ray clusters, ROSAT-ESO Flux-Limited X-ray cluster survey or REFLEX, (Böhringer et al. 1999 . The flux limit in the [0.1-2.4] KeV ROSAT band of the REFLEX survey is ∼1.5×10 −12 erg/cm 2 /sec corresponding to L X (2-10KeV)≃1.7×10 42 h −2 erg/sec at the distance of 100h −1 Mpc. (Such clusters have τ ∼9×10 −4 and are quite numerous even at that depth avoiding the problem of significant shot-noise from the rare and very high-τ clusters). The Northern hemisphere catalog of the ROSAT X-ray clusters (NORA) should be completed shortly . Altogether this would result in approximately 1,500 X-ray clusters down to the limiting flux F ∼1×10 −12 erg/cm 2 /sec in the [0.1-2.4] KeV band; out of these ∼300 would lie within ∼100h −1 Mpc. In addition, there are already 50 X-ray clusters within ∼100h −1 Mpc from ASCA searches which have both central temperature and electron density profile measured (Baumgartner et al 2000) ; this number is expected to more than double within the next year or two (Mushotzky, private communication) .
The ROSAT clusters can further be imaged very efficiently with XMM in order to obtain the necessary catalog of X-ray clusters by the time the MAP mission is completed.
Our ability to determine a bulk flow of amplitude V bulk is limited by the instrumental noise term. The signal-to-noise ratio, χ, in such a measurement out to the depth D would be given by:
The integral on the right-hand-side of eq. (2) 
